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Coarse Atomistic Scale: Chemist’s Perspective

® o—C .7,
D =0
atoms bonds molecules nanoparticles
Local properties Global properties
é:,%r,%;:, é\f,‘;‘gg Total energy Orbital energies Electron density Dipoles
Bond order Reactivity Band gap Electron excitation Transport

* local and global properties - core of the chemical mindset and vocabulary
« analysis ), local contributions ~ global property; and vice versa
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Presenter Notes
Presentation Notes

Reason to join LANL – uniqly positioned and have expertise and many intersecting areas

Chemical bonds – poor descriptors
Hard to generate lots of data
Requires manual labor and a lot of expertise
Hence, no high-troughput search
Realistic MD is rarely possible



NaBH,;~ B,Al; ~ Au cages B, X, monolayers interlocked Cg rings

delocalization

single 2e-2c delocalized over all atoms: 2e-nc bonds
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Forcing Electron Where It Doesn’t Belong

Hectron transfer is ubiquitous Can alkali metals (\b) react as Lewis bases?
* solvation Na—— (X
 catalytic reactions
 hbiochemical systerms

Na always tends to become Na*

"
A: +(B —> A—B

Lewis  Lewis Adduct inwater:

Base Acid 2Na +2H — 2Na* +H, +energy!
(donar)  (acceptor)

Qassic exanple

HN. +/B4 — HN->BA . N would be a donar

= we need a pair Xthat avaids electron even nore than Na
some transition metals function as Lewis bases (donors) e electron affinities
Eg?g e O N 054eV
MezP—0s—=M—CO .Rh—=Pt—CgF; Bt 038eV
§ ga é ¥ S ,



Synergy of Theory and Experiment

synthesis of anionic experimental mass- : glabal mininum
dluster - laser and photoelectron C‘“g“‘(pf;‘,gt“ia;fs identification based on bonding analysis
vaparization spectra MEs
A B|NaBH, ‘
singlet .
— 2.720
| triplet . 2.579
. . - ﬁ4 2.279 )\‘
ME-L - B -
o7 ey singlet GM triplet GM gc
. e CS
Csv 59 b
0.0 '
} & keal/mol kecal/mal
3 x 2c-2e B-H o-bonds  2c-2e Na-B o-bonds
T T . w rrrepTTTTyTTYRTTTY
35 36 37 38 00 05 10 15 20 25 3.0
nass, anu

vertical detachment energy (VCE), eV

experiment by K Bowen (Johns Hopkins Uhiversity)

direct Na-Bbond




Want to Understand the Bond? Break It!

Dissociation pathway BDE
(Na-BH;)~ — Na:™ + BH,
(Na-BH;)™ — Na* + ‘BH;~ 30.1
(Na-BH;)~ — Na® + :BH,* 248.7
H;N-BH; — :NH; + BH, 26.0
r(Na-B), A
T T T ' T ' | - I - I .
2 4 6 8 10 12 14

0 - --0.2

_  5- 0.4
o € r @)
£ c ]
© Lo Q
S 104 4° --0.6 @
- @ —_—
L % / @

as4 | [, L 0.8

...
‘ '..” Na: + BH,
-20 Na:_—;BHS 0000000000000400000000000000000000000000 ~--1.0

potential energy
seeee atomic charge on Na atom

FromIUPAC Gold Book

“The distinctive feature of dative bonds is that their
mnimum-energy rupture in the gas phase or
in inet solvent folows the heterolytic bond
cleavage path”

Hectron affinities

Na 054eV
B4 038eV

Hgh-inpact in conmrunity:
25+follow-up papers
broad discussion on dative bond

G Liy, Fedik N, C Martinez-Martinez, S Gborowski, X Zhang, A .
Boldyrev, K Bowen, Agenandte Cherrie 2019, 58 13789-13793
(MParticle)



NaBH,~

BAl;~

Au cages

B, X, monolayers

interlocked Cg rings

delocalization

10



Exotic Topologies of Carbon

= very expensive synthetic effort

= ring topologies are very rare

= newcandidate, cyclo[18]carbon, was synthesizedin 2019
Kaiser et all| Science 2019 365 299-1301

i ins — cyclo[n]carbons —> bicyclic rings
linear chains y [ ] —»fullerenes

O Owdlé

cyclo[18]carbon

:<[i>:

C1o

ny idea: can we mechanically interlock the rings?

N



singlering

1.234
1.348

Con 18 x 2¢c-2e C-C s—bonds

2 orthogonal sets of 9 x 2¢-2e C-C n—bonds

Mechanical Bond?

interlocked rings

2 x 2 orthogonal sets of 9 x 2¢c-2e C-C rn—bonds

mechanical bond - no chermical bonds between rings

12



Escaping Kinetic Trap

TS
A(E+ZPE), kcal/mol ~ NIMAG =17,
N v=-9143

= rotational barrier <1 keal/mol
=  roomtemperature nolecular gear

chemically bonded complex

21.1

[2]catenane reaction coordinate’
mechanically interlocked state

N Fedik, M Kulichenko, D Steglenka, Alexander . Boldyrev

Cherm Conmmuny 2020, 56 2ZM-274. 13



Error

Chemical Discovery on Different Scales

= chemicals bonds - fundamental building blocks
defining properties/functionality

" require accurate electronic structure

= more realistic computations are too expensive

Classical
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' reduced GM+M_
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N Tight-binding
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Learning Chemical Properties without Electronic Structure

Extensibility

Structures
(larger structures)

S % AkuraINetwork/(

Pl N  »

N BRGNS
Transferability

Properties Training set % (other molecular classes

Raw data M and chemical properties)

* M_esgtablishes structure< property relationship
» ‘“surogate’ models - no electronic structure

e training =mrinimization of theeror: A(Y — Y™¢/)
 lossfunction (e.g, RMSE) tracks erTor

RMSE = \/% SN (Y = Y2

N. Fedik, R. Zubatyuk, M. Kulichenko, N. Lubbers, J. Smith, B. Nebgen, R. Messerly, Y. W. L,
A Boldyrev, K Barros, O. Isayev, S. Tretiak. 2022, Mature Reviews Chemistry, 6, 653-672



Spatial Locality and Message-Passing

cut-off radius o . :
Local decomposition ansatz * locality is both bless (linear scaling) and curse (no long-range

effects)
of B Natoms .V /@ * message-passing ' propagates beyond radius and captures
P~ = P= zi:l P; ' < ! radial and angular information of distant atoms

» 2-passes are almost always enough for molecules
e P; is alearnable quantity

neighbors of
neighbors
atomic immediate
numbers neighbors 315
316

4151
4161

5|6

—

3
112}

fédial + angular information

@

HIP-NN architecture
N. Lubbers, K Barros, J. Smith, J.
Chem. Phys. 148, 241715 (2018) 16




Why Bonds Matter in ML

pi bond breaking

ce
E, kcal/mol

-5 1 [
]‘f rotational profile of isoindigo v/
b ‘ 2 S, _10 B J | T T T T

spin density sigma bond « ML potentials often fail near reactive
O™ regions (no electrons, datasets lack rare

rotate B 60° around axis, no change event S)
'Y pi bond
E s .f 88 SU 8@*} * keeping QM would naturally describe off-

—equilibri equilibrium phenomena
d:f equ I'I m um rotate B 60° around axis, bond breaks q p 17




PYSEQM: Electronic Structure improved by ML

original: parameters depend only on atomtype PYSHIM
parameters depend on atomtype +neighbors

core awareness of cherrical bonding
Hamiltonian :
it C

1

PYSEQM: — < i

MNDO SCF H £ !
AM1 loop =
o)
©

PM3 B o
. Coulomb | mmm all single N
integrats i mmm ONEe dquble
backpropagation i mmm One triple

475  -470 -465  -46.0

U, ev
_ pSEQM __ pSEQM ,
P, =P +EPL-"—PL. +E<EW}}Z{}CL+B"> >
n n a

high-tenperature nolecular mcs
PYSEOM Pytorch Serrienmirical QuantumMechanics ] dyne

» differentiable physics model - all gradients are available ~ 1 —original SEQM
+ only 60K datapaints - physicsis already there! 5 04 T P
* interatorric potentials often require ~500k and more paints g 0_2: """"
* highly transferable and extensible g -
0.0

G Zhou et al, Deep leaming of dynarvically responsive cherrical Harriltonians with semrienpirical : SOtOemp1eUr[;0ture15£0 >

quantummnechanics, AMAS 2022, 119 (27) 2120333119 18



PYSEQGM: Modular Architecture

PYSEQM
I
Y Y Y Y
SCF - reduced Hamiltonians 0S single exditations Brn—QJpenhelrrer non-adiabatic_rmlealar
dynamrics (BOMD dynanrics
geomet imization
orbital energies , surface hopping
atonric cha extended Lagrangian ab-initio muitiple cloning
T o
ipoe S i e ver —
AT e @@
open-shell treatment o H )
v
ol | Am
“® |
¢ machine learming
done in progress
HIP-NN
infuture

Features

* nodular architecture
 Pytorch backend
 automatic differentiation
e direct interfacetoM.

* hatch GPUexecution

Developers

« MaksamHKulichenko
 Nkita Fedik
Guoging Zhou

* BenNebgen

* Ncholas Lubbers
* Kpton Barros

* Walter Malone

*  AndersNklasson
* Yuzhan

« XnyangLi

*  Sergei Tretiak

Codes
https://cithub.conlanl/PYSEOM
https://aithub.comlan hippynn

https://github.comlanl/NBXMVD 0



https://github.com/lanl/hippynn

Beyond Ground State

PYSEOM OS-PM3 |  excitation energiesin eV

» ground state can only describe small fraction of chemistry 2 914
« sinple nodel: AS accounts for single exditations 8:583 8.583 8.583

10.087 10.087 10.087
virt |

1
i

T T

TN
occC —H—

AX = AX, where ()\;,... \,) = excitation energies 2 .84655
Oy 3.05412 _
Aoy = 0ij0ap(€q — €;) + (ia]|5b) 3.39660 agrees with NeMDand
3.53378 ORCAwithin 0.1%

20



Davidson algorithm

* excited state Haniltonian (09) scales as ~ (Nocc x Nvirt)?

* trickistonever build ASmatrix infull - only projection in Krylov subspace using
Davidson algorithm

time, s

90

40

30

20

10

A Vv
o — m

Davidson algorithm vs direct diagonalization

—direct ——Davidson GPUmemory linit
(16 GB
0 5000 10000 15000 20000 25000

model Hamiltonian size

DAVIDSON:
iter = 1
while iter <= MAX iter:

V = orthonormalize(V)
o= AV
M = Vo
MX = AX = (A X)

keep ()ﬁi,...)\“), (X'i?‘“ Xﬂ)
r, — JX%'—AI‘VX‘;

if ¥V ||r;|| < tol => converged
return (Ajy... An), (Xi,eo X3)

else:
for ||r;|| = tol:
T
(Di — A)| ||
V= (V: Si)

8

if main V, ,, > MAX size
V «— VX

continue

return  (A;,... An)y (Xiyeoo X))
END DAVIDSON



Outlook

Synergy of Semiempirical Models and Machine Learning in Computational Chemistry
N. Fedik, B. Nebgen, N. Lubbers, K. Barros , M. Kulichenko, Y. W. Li, R. Zubatyuk, R. Messerly, O.
Isayev, S. Tretiak. 2023, Journal of Chemical Physics (in press)

structure/bonding awareness reactive and rare events photareactions




NaBH; - Alternative Views

covalent bond S. Pan, G. Frenking 2¢c-1e bond F P;no—Rlc\)/s, 'IE') ]
(electron-sharing) Angew. Chem. Int. nostroza, Vv. liznado
2021, 60, 12747-12753
@ 8759 0.51 | 0.34 1.01
Na<¥ BH;™ > D Na®

l:
H

=AM

) : P. Salvador, D. E. Vos, i S. Radenkovic, S. S.
spin-polarized bond | Coar::; gr M o electrostatic  +  2c-1e bond Shaik B. Braida

Andrada © ) Angew. Chem. Int. Ed.
Na@ BH.—  Angew. Chem. Int. Ed CONaOECBH; ©ONa®CO BH; 2021, 60, 12723~
3 2021, 60, 1498—1502 1 -— 5 12726

71% 28%
All interpretations agree that at large distances Na—B interaction is dative (dissociates into Na- and BH;)
Discrepancies at the equilibrium are related to:

. Radical character of the wave function

 Pure semantics: all covalent bonds are electron-sharing at equilibrium. This does not exclude
formation via dative mechanism.

23


Presenter Notes
Presentation Notes
Surprisingly, our publication triggered huge debates in the community. A majority of the interpretations totally agree with the dative mechanism of bond formation but elaborates on the character of the bond at the equilibrium geometry. Rhese different views spans from typical covalent bond electron sharing to exotic one electron bonds. In some the complexity associated with a radical character of the wave function here. But some times it's purely semantic discrepancy emphasizing that bonding paradigms are not settled even after a century of the continues development. 



Bonding in multireference cases is not easily accessible and needs community effort
Dative – special type of covalent bond. 



E, kcal/mol

Pan and Frenking, OFT
upon separation, Na charge is partial

NH,:->0OH*

—=0.2

= —0.5

——(0.8

- =1.0

|a| “@3reyd OGN

E, kcal/mol

10.0

5.0

0.0+

Z,

vy

- O

)

=

[ws]

-10.0 - 0e

u('D

15.0 - ==
~20.0 -
~25.0 -

our description of wave function — CASSCF and UCC(T)
Na chargeis -1

all bond are equal and electron-sharing
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